Abstract: Hydro-fracturing is a common production enhancement technique used in unconventional reservoirs. However, an effective fracturing process requires a precise understanding of a formation's in-situ strength behavior, which is mainly dependent on the formation's in-situ stresses and fluid saturation. The aim of this study is to identify the effect of brine saturation (concentration and degree of saturation (DOS)) on the mechanical properties of one of the common unconventional reservoir rock types, siltstone. Most common type of non-destructive test: acoustic emission (AE) was used in conjunction with the destructive tests to investigate the rock properties. Unconfined compressive strength (UCS) and splitting tensile strength (STS) experiments were carried out for 78 varyingly saturated specimens utilizing ARAMIS (non-contact and material independent measuring system) and acoustic emission systems to determine the fracture propagation. According to the experimental results, the increase in degree of pore fluid saturation (NaCl ionic solution) causes siltstone's compressive and tensile strengths to be reduced through weakening and breakage of the existing bonding between clay minerals. However, increasing NaCl concentration in the pore fluid generally enhances the compressive strength of siltstone through associated NaCl crystallization effect and actually reduces the tensile strength of siltstone through the corrosive influence of the NaCl ions. Moreover, results show that AE capture and analysis is one of the most effective methods to understand crack propagation behavior in rocks including the crack initiation, crack propagation, and final failure. The findings of this study are important for the identification of fluid saturation dependent in-situ strength conditions for successful hydro-fracturing in low permeable reservoirs.
Introduction
The rapid depletion of conventional energy resources is one of the major problems the world faces today, particularly given the continuously increasing energy consumption. Extensive research on potential new energy resources and production-enhancement techniques has therefore been initiated worldwide to effectively face this energy crises [1] [2] [3] , and natural gas extraction is one effective solution. Although the extraction of conventional natural gas is generally much cheaper compared to unconventional gas [4] , the amount of conventional gas available is quite limited. Therefore, unconventional natural gas extraction is becoming necessary. Recent advances in the petroleum industry, such as horizontal well drilling and hydro-fracturing, have significantly improved unconventional natural gas production from deep geological formations [5] [6] [7] [8] [9] [10] [11] , particularly in countries such as the U.S., China, Canada, and Germany. Of the various reservoir productivityenhancement techniques, hydro-fracturing is dominant and has been widely used. This fracturing process involves a number of steps: vertical well drilling, horizontal well drilling, injection of fracturing fluid, and fluid flow-back and gas production via the drilled production wells. Of these, the injection of fracturing fluid plays a major role in enhancing reservoir productivity. Although water with added chemicals is commonly used as the fracturing fluid, non-water-based fracturing fluids and gases (CO 2 , N 2 ), foams, energized fluids, alcohols, and acids have also recently been tested in the field [12] .
The creation of hydro-fractures in deep geological formations using any of these fracturing fluids depends on both the formation properties and the injection conditions of the fracturing fluid, including overburden stress, confinement, rock strength and composition, available pore fluids (water, brine, oil etc.), degree of saturation in the aquifer, and fracture fluid injection pressure [13] [14] [15] [16] [17] . According to existing research, with fracture fluid injection, fractures normally occur in the formation rock in a perpendicular direction to the minimum stress and failure can occur as tensile, shear or compression failure. However, it should be noted that rocks are generally highly brittle materials and therefore have much lower tensile strength than compressive strength (tensile strength is less than 10% of compressive strength). As a result, fractures are more likely to occur through tensile failure or shear failure or a combination of the two (hybrid failure). The strength of any reservoir rock depends on many other factors, including temperature, confining pressure (depth), mineral composition, pore size distribution, porosity, and degree of saturation [18] [19] [20] [21] [22] [23] [24] and the evaluation of the effect of strength is therefore a complex matter. On the other hand, in order to fracture formation rocks that exist under high confinements due to the greater depths of unconfined gas reservoirs, it is necessary to have higher injection pressure, because rock failure occurs only when the applied pressure goes beyond the effective stress applying on it (a negative effective stress condition).
Apart from the reservoir rocks' strength parameters, pore fluid concentration and its degree of saturation in the aquifer rock also play major roles in the hydro-fracturing process in deep unconfined gas reservoirs, because they indirectly affect the rock mechanical properties. With the injection of the fracturing fluid into a saturated (by water, brine, or oil) geological formation, the degree of water/brine/oil saturation around the injection well starts to decrease due to the forced migration caused by the fracturing fluid. This is depending on the injection pressure of the fracturing fluid and the ability of that fracturing fluid to move through the reservoir rock (its permeability) [25] . This pushing out of pore fluid (the forced migration) through the injecting fluid can have the effect of totally removing pore fluid from the well bore area. This pore fluid pushing influence reduces with increasing distance from the injection well due to the reduced pressure created by the injecting fluid on the pore fluid. Moreover, all of these pore fluid replacement processes through the injection fluid depend on the pore pressure of the fluid. Deep aquifers normally have greater pore pressure and therefore, the influence of the injecting fluid is less than in shallow aquifers [26, 27] . Moreover, it should be noted that initiation and propagation of the primary hydraulic fracture have to be occurred very quickly for a minimal fluid leakoff, because it may demand high pumping rates. The situation is however different for the occurring secondary fractures, where initiation and propagation of them should be taken place over some considerable time duration to allow the fracturing fluid to leak into the reservoir rock. Therefore, the change of degree of saturation and its concentration has a direct influence on the rock mechanical properties, which therefore vary over time during the fracturing process, affecting the fracturing pressure required for hydro-fractures to be initiated.
To date, many studies have therefore been performed to identify the effect of brine saturation (the salinity effect) on the strength of reservoir rocks, including sandstone, siltstone and limestone [25, [28] [29] [30] [31] . The studies have found a clear influence of brine saturation on reservoir rock mechanical properties, including rock strength gain under certain circumstances, due to NaCl crystallization inside the rock pores. Although NaCl crystallization enhances rock strength by creating additional bonds between solid particles, brine saturation may cause the rock to be corroded by reducing its strength due to its high ionic strength [29] . Reservoir rock strength is therefore dependent on the dominant factor under each saturation condition. For example, according to Shukla, Ranjith [26] , rock strength is highly dependent on the NaCl concentration, and it initially reduces, and then increases with increasing NaCl concentration. Although brine has some ability to enhance reservoir rock strength through NaCl crystallization, overall the saturation of any rock with brine causes it to soften in the wetting phase, reducing its strength, although this strength reduction can be reduced by the existence of ions in the saturation fluid. For example, rock strength reduction under water saturation is higher than the strength reduction which occurs under brine saturation, although both saturations reduce the rock strength.
A number of studies to date have identified the effects of this fluid saturation and concentration on the mechanical properties of aquifer rock. However, most previous studies have been performed on sandstone and geo-polymer specimens, and only the effects of brine concentration/degree of saturation have been considered and the studies have been limited to unconfined compression strength (UCS) tests. However, as mentioned earlier, hydro-fractures are mainly initiated by the tensile failure of the rock due to the much lower tensile strengths of brittle rocks compared to their compressive strengths. The evaluation of the effect of saturation on rock tensile strength is therefore far more important than checking its influence on compressive strength for the hydro-fracturing process. Although siltstone is a common rock type in many unconventional reservoirs, to date little research has been conducted on strength variation with formation properties such as NaCl ionic concentration, composition and saturation, where the pore fluid is mainly composed of NaCl [29] . This paper therefore reports on a strength study of varyingly brine (NaCl) saturated siltstone.
Experimental methodology

Rock Specimens
Eidsvold siltstones formed in the Triassic, Jurassic, and Cretaceous periods were collected from the Eidsvold (Burnett Highway) basin outcrop in Queensland, Australia (Figure 1a ). Based on electron microscope (SEM) observations, this particular type of siltstone is nearly homogeneous with 0.01-0.05 mm grain size distribution. According to X-ray diffraction (XRD) (Bruker D8 Cobalt Bruker, Massachusetts, MA, United States) analysis, this siltstone is basically composed of quartz and kaolinite minerals (43% and 40% of quartz and kaolinite, respectively). Apart from these major minerals, it also has around 12% of tridymite, 3% of mica, 1% of anatase, 1% of other clay minerals and negligible amount of organic matter. Figure 1a -b show SEM and computed tomography (CT) scanning images of a typical Eidsvold siltstone specimen. As can be seen from Figure 1b , this siltstone has randomly distributed pore voids with an average size of around 800 nm and according to Figure 1c , the pore voids are different in size and randomly distributed throughout the rock. Importantly, Figure 1c illustrates how the pore voids in this siltstone connect to each other along the height of the specimen, creating a pore network, which significantly affects its mechanical properties, including strength, elastic modulus and Poisson's ratio. 
Specimen Preparation
The collected siltstone blocks were first cored into 38 mm diameter specimens using the diamond coring machine available in the Monash University Deep Earth Energy Research Laboratory (DEERL) using water as a lubricant (to minimize the chemical reactions), and then cut into two heights, 76 mm and 19 mm, using the diamond cutting machine, for the UCS tests and splitting tensile strength (STS) tests, respectively. The surfaces of the specimens were then ground using the diamond grinding machine available in the DEERL to comply with the ASTM D3967 standard. All the specimens were stored in an oven at 70 ℃ for 4 days to remove moisture from the specimens. The low temperature condition of 70℃ was used to avoid any thermal cracks.
Specimen Saturation
The oven-dried specimens were removed from the oven, weighed and then allowed to cool for 6 hours. 10%, 20%, and 25% by weight NaCl brine solutions were then prepared and initially three UCS test specimens (38 × 76 mm) and three STS test specimens (38 × 19 mm) were fully immersed in each brine solution. Vacuum desiccators were used to saturate the specimens by removing the air from the specimens. Specimen weights were measured over time to monitor the saturation process until the weights became constant. When the weight became constant, that saturation level was considered fully saturated or 100% degree of saturation (DOS). The weight of absorbed water at the 100% DOS was calculated for both types of specimens and the water content for 25%, 50%, and 75% DOS was calculated. Three UCS specimens were then fully immersed in each brine solution and the 
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Specimen Saturation
The oven-dried specimens were removed from the oven, weighed and then allowed to cool for 6 hours. 10%, 20%, and 25% by weight NaCl brine solutions were then prepared and initially three UCS test specimens (38 × 76 mm) and three STS test specimens (38 × 19 mm) were fully immersed in each brine solution. Vacuum desiccators were used to saturate the specimens by removing the air from the specimens. Specimen weights were measured over time to monitor the saturation process until the weights became constant. When the weight became constant, that saturation level was considered fully saturated or 100% degree of saturation (DOS). The weight of absorbed water at the 100% DOS was calculated for both types of specimens and the water content for 25%, 50%, and 75% DOS was calculated. Three UCS specimens were then fully immersed in each brine solution and the weight was measured from time to time until it achieved the water content required to achieve 25% DOS. The same procedure was repeated for other DOS levels (50% and 75%) and for the STS test specimens. The saturated specimens were then fully covered with polythene and stored in a fog room for one month to equally distribute the brine throughout the specimen without evaporating the brine in the specimen.
Testing Procedure
Three oven-dried specimens and 36 saturated specimens were selected for each UCS and STS test. All the specimens were painted in a stochastic pattern using two colors (black dots on white background) to enable the ARAMIS camera to capture images of specimen failure during loading. ARAMIS is a non-contact and material-independent measuring system with hardware and software components developed by GOM, Brunswick, Germany, which has the capability to measure 3-D surface coordinates and surface strain values using two 5 megapixels 3.45 micron pitch cameras. An advanced acoustic emission (AE) system was used to identify crack propagation and energy release during UCS loading. Here, a passive AE technique was used to acquire the AE data, in which measurements are taken during the loading. Two AE sensors were attached to the top and bottom platens of the loading machine to capture the AE signals. A Shimadzu uniaxial testing machine was used for both the UCS and STS tests, which is capable of applying a maximum axial load of 300 kN. A 0.1 mm/min strain rate was selected to fail the specimens within 5-15 min, according to the ASTM standards. The Shimadzu machine, data logger, AE system and ARAMIS camera ( Figure 2 ) were started simultaneously to start the experiment and three specimens were tested for each DOS and brine concentration. The UCS, elastic modulus and Poisson's ratio of the UCS specimens were calculated using the stress-strain diagram for each specimen and the splitting tensile strength was then calculated using Equation (1) [32] .
where, σ t is the splitting tensile strength, P is the maximum applied load indicated by the testing machine, L is the thickness of the specimen and D is the diameter of the specimen.
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Results and Discussion
The degrees of brine saturation variation (calculated based on the accumulated weight over the time with respect to the 100% saturated specimen weight) over time in the specimens for UCS and 
The degrees of brine saturation variation (calculated based on the accumulated weight over the time with respect to the 100% saturated specimen weight) over time in the specimens for UCS and STS tests for the three NaCl concentration conditions considered are shown in Figure 3 . As the figure shows, the degree of saturation is clearly dependent on the concentration of the NaCl, and increasing the NaCl concentration from 10% to 25% causes the time required to achieve a certain degree of saturation to be reduced. This is related to the lower ionic potential of the low concentration NaCl that leads to a slower chemical interaction with the rock. However, after sufficient time (10 days in the present study), the degree of saturation becomes similar for all NaCl concentration conditions. The effect of this NaCl saturation at various degrees of saturation and at various concentrations on both the compressive and tensile strength of siltstone was then investigated and the results are discussed in the following sections.
STS tests for the three NaCl concentration conditions considered are shown in Figure 3 . As the figure shows, the degree of saturation is clearly dependent on the concentration of the NaCl, and increasing the NaCl concentration from 10% to 25% causes the time required to achieve a certain degree of saturation to be reduced. This is related to the lower ionic potential of the low concentration NaCl that leads to a slower chemical interaction with the rock. However, after sufficient time (10 days in the present study), the degree of saturation becomes similar for all NaCl concentration conditions. The effect of this NaCl saturation at various degrees of saturation and at various concentrations on both the compressive and tensile strength of siltstone was then investigated and the results are discussed in the following sections. 
Compressive Strength of Siltstone Under Different Fluid Saturation Conditions
The variations of unconfined compressive strength (UCS) of siltstone with NaCl ionic concentration and degree of saturation were first checked and the results are shown in Figure 4 .
Note that triplicate specimens were tested for each NaCl concentration and DOS and the average value was considered as the UCS value for a particular saturation condition. Table 1 shows the UCS values for each tested specimen with the average values as well as the standard deviations. According to Figure 4 and Table 1 , the UCS of the tested siltstone varies from 37.7 MPa to 61.6 MPa, depending on the NaCl ionic solution saturation condition. The maximum strength of around 61.6 MPa can be seen for the 0% DOS (dry) specimen and any type of NaCl ionic solution causes that strength to be reduced. This is due to the water softening effect, through which water molecules weaken the clay mineral and rock bonding, resulting in reduced overall strength in the rock [33] [34] [35] . Further, the attachment of water molecules to rock particles breaks the solid-solid bonds by creating new solid-liquid bonds, which are much weaker than solid-solid bonds. As a result, the increasing number of such bonds causes the rock overall strength to be reduced. Moreover, since the tested siltstone has high quartz content (43%), pore fluid saturation replace the existing Si-O-Si bonds with Si-OH-OH-Si with creating a deficiency to the quartz mineral structure, which in turn promotes the crack initiation through weakening the crack tips [36] . This also contribute to reduce the mechanical properties of rock upon pore fluid saturation. Furthermore, adsorption of H + ions into the negatively charged clay minerals in the rock also contribute to the weakening of the rock through expanding the clay layers [37] . According to Figure 4 , a comparison of all the brinesaturated specimens indicates that the 10% NaCl-saturated specimens exhibit the lowest UCS values and the 20% NaCl-saturated specimens exhibit the highest UCS values under any degree of saturation condition. The specimens saturated with the highest NaCl concentration (i.e., 25% NaCl) exhibit strength values between these figures. According to the strength classification of intact and jointed rocks (Table 2) , dry specimens can be classified as class C (moderate strength). All the DOS 
Note that triplicate specimens were tested for each NaCl concentration and DOS and the average value was considered as the UCS value for a particular saturation condition. Table 1 shows the UCS values for each tested specimen with the average values as well as the standard deviations. According to Figure 4 and Table 1 , the UCS of the tested siltstone varies from 37.7 MPa to 61.6 MPa, depending on the NaCl ionic solution saturation condition. The maximum strength of around 61.6 MPa can be seen for the 0% DOS (dry) specimen and any type of NaCl ionic solution causes that strength to be reduced. This is due to the water softening effect, through which water molecules weaken the clay mineral and rock bonding, resulting in reduced overall strength in the rock [33] [34] [35] . Further, the attachment of water molecules to rock particles breaks the solid-solid bonds by creating new solid-liquid bonds, which are much weaker than solid-solid bonds. As a result, the increasing number of such bonds causes the rock overall strength to be reduced. Moreover, since the tested siltstone has high quartz content (43%), pore fluid saturation replace the existing Si-O-Si bonds with Si-OH-OH-Si with creating a deficiency to the quartz mineral structure, which in turn promotes the crack initiation through weakening the crack tips [36] . This also contribute to reduce the mechanical properties of rock upon pore fluid saturation. Furthermore, adsorption of H + ions into the negatively charged clay minerals in the rock also contribute to the weakening of the rock through expanding the clay layers [37] . According to Figure 4 , a comparison of all the brine-saturated specimens indicates that the 10% NaCl-saturated specimens exhibit the lowest UCS values and the 20% NaCl-saturated specimens exhibit the highest UCS values under any degree of saturation condition. The specimens saturated with the highest NaCl concentration (i.e., 25% NaCl) exhibit strength values between these figures. According to the strength classification of intact and jointed rocks (Table 2) , dry specimens can be classified as class C (moderate strength). All the DOS levels (i.e., 25%, 50%, 75%, and 100%) in 10% and 25% NaCl can be classified as class D (medium strength). However, in 20% NaCl, 25% and 50% DOS levels, specimens belong to class C (moderate strength) and 75% and 100% DOS levels, specimens belong to the class D (medium strength). However, the class C classification is marginal for 20% NaCl specimens and they can also be classified as class D. Increasing siltstone strength with increasing brine concentration is related to the NaCl crystallization effect, as the formation of NaCl crystals in rock pores can offer an added strength to the rock. This can be confirmed by using the SEM images of the saturated and dry siltstone specimens ( Figure 5 ). This has been observed in other types of rocks such as sandstone and geo-polymer in the research literature and seems to be applicable to siltstone [29, 30] . On the other hand, NaCl solution reduces the diffusion double layer (DDL) of the existing clay minerals in near minerals surface that in turn weaken the rock [38, 39] . Furthermore, as mentioned earlier, ionic concentrations can have a corrosive influence on reservoir rock by reducing its strength [40, 41] , and this may also reduce the UCS strength characteristics at very high NaCl concentrations (25% NaCl concentration here). This also can be seen in the Figure 5 , where at 25% NaCl concentration, some areas of the rock matrix have corroded by reducing the overall strength of the siltstone. According to the results, it can be concluded that when siltstone is saturated with 10% NaCl concentration, the ionic strength of the NaCl ionic solution is not sufficient to have any influence on siltstone strength. The strength of the rock is reduced mainly due to the quartz mineral dissolution and softening effect created by the wetting phase (water) molecules in the pore fluid, and increasing the concentration of NaCl ionic solution to 20% causes the creation of a considerable number of NaCl crystals among the pores in the rock. Although further increasing the NaCl concentration causes the crystallization processes to accelerate, the simultaneously increasing ionic corrosion and clay minerals' diffusion double layer reduction effects goes beyond the crystallization effect at 25% NaCl concentration. levels (i.e., 25%, 50%, 75%, and 100%) in 10% and 25% NaCl can be classified as class D (medium strength). However, in 20% NaCl, 25% and 50% DOS levels, specimens belong to class C (moderate strength) and 75% and 100% DOS levels, specimens belong to the class D (medium strength). However, the class C classification is marginal for 20% NaCl specimens and they can also be classified as class D. Increasing siltstone strength with increasing brine concentration is related to the NaCl crystallization effect, as the formation of NaCl crystals in rock pores can offer an added strength to the rock. This can be confirmed by using the SEM images of the saturated and dry siltstone specimens ( Figure 5 ). This has been observed in other types of rocks such as sandstone and geo-polymer in the research literature and seems to be applicable to siltstone [29, 30] . On the other hand, NaCl solution reduces the diffusion double layer (DDL) of the existing clay minerals in near minerals surface that in turn weaken the rock [38, 39] . Furthermore, as mentioned earlier, ionic concentrations can have a corrosive influence on reservoir rock by reducing its strength [40, 41] , and this may also reduce the UCS strength characteristics at very high NaCl concentrations (25% NaCl concentration here). This also can be seen in the Figure 5 , where at 25% NaCl concentration, some areas of the rock matrix have corroded by reducing the overall strength of the siltstone. According to the results, it can be concluded that when siltstone is saturated with 10% NaCl concentration, the ionic strength of the NaCl ionic solution is not sufficient to have any influence on siltstone strength. The strength of the rock is reduced mainly due to the quartz mineral dissolution and softening effect created by the wetting phase (water) molecules in the pore fluid, and increasing the concentration of NaCl ionic solution to 20% causes the creation of a considerable number of NaCl crystals among the pores in the rock. Although further increasing the NaCl concentration causes the crystallization processes to accelerate, the simultaneously increasing ionic corrosion and clay minerals' diffusion double layer reduction effects goes beyond the crystallization effect at 25% NaCl concentration. In relation to the influence of NaCl saturation on strength reduction in various reservoir rocks, the total corresponding UCS reduction observed in this study upon full saturation of siltstone (100% DOS) with varying concentrations of brine is around 36% (10%, 20%, and 25% NaCl concentrations cause the siltstone strength to be reduced by around 38.9%, 30.5%, and 36.7%, respectively). This is similar to the strength reduction observed for fine grained sandstone (which has similar properties as siltstone) for similar NaCl saturation conditions by Rathnaweera, Ranjith [29] , who also observed around 36.03% UCS reduction in sandstone with full saturation from 10% to 30% NaCl. This is an interesting finding, which shows that the influence of NaCl saturation is similar for sandstone and siltstone and possible for any reservoir rock. However, this cannot be confirmed without checking the effect for other rock types. Sandstone and siltstone are quite common as shales in unconventional gas reservoirs and therefore, it can be concluded that NaCl saturation commonly creates a considerable and similar influence on reservoir rocks' UCS strength.
The ARAMIS photogrammetry non-contact and material-independent measuring system was used in this study to investigate the effect of NaCl concentration and degree of saturation on the deformation characteristics of the siltstone during failure. The ARAMIS photogrammetry images of strain development in the siltstone specimens during failure with their failure patterns are shown in Figure 6 . These images have strain contours ranging from blue to red, where blue corresponds to the lowest strain and the red corresponds to the highest strain. As Figure 6 shows, all the images show various colors in the specimens, confirming that the specimens underwent highly varying strain development during failure. The maximum and minimum strain values for 10%, 20%, and 25% brine concentrations are about 0.65 and −0.25, respectively compared to the dry specimens. However, when both strain and failure patterns are considered, Figure 5 indicates that two main failure types can be identified: shear failure and splitting failure. Interestingly, with high NaCl ionic concentrations (20% and 25% NaCl concentrations), specimens are more likely to exhibit splitting failure and specimens saturated with low NaCl ionic concentrations of fluid (10% NaCl) are more likely to exhibit shear failure. Figure 6 . These images have strain contours ranging from blue to red, where blue corresponds to the lowest strain and the red corresponds to the highest strain. As Figure 6 shows, all the images show various colors in the specimens, confirming that the specimens underwent highly varying strain development during failure. The maximum and minimum strain values for 10%, 20%, and 25% brine concentrations are about 0.65 and −0.25, respectively compared to the dry specimens. However, when both strain and failure patterns are considered, Figure 5 indicates that two main failure types can be identified: shear failure and splitting failure. Interestingly, with high NaCl ionic concentrations (20% and 25% NaCl concentrations), specimens are more likely to exhibit splitting failure and specimens saturated with low NaCl ionic concentrations of fluid (10% NaCl) are more likely to exhibit shear failure. 
Effect of Fluid Saturation on Tensile Strength of Siltstone
In order to identify the effect of fluid saturation on the tensile properties of siltstone, a series of splitting tensile strength (STS) tests were performed on varyingly saturated siltstone specimens (for different concentrations and degrees of saturation of NaCl) and the results are shown in Figure 7 . Similar to the compressive strength tests, triplicate specimens were tested for each saturation condition (see Table 1 ) and the average strength value was used as the tensile strength under each saturation condition. The STSs of the varyingly saturated specimens are between 4.85 MPa and 7.33 MPa. According to Figure 6 , dry siltstone has the maximum tensile strength similar to the compressive strength and it continuously reduces with increasing degree of saturation of NaCl 
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Importantly, according to Figure 7 , the tensile strength of the siltstone at any DOS continuously decreases with increasing NaCl concentration, which is different from the compressive strength reduction observed upon NaCl saturation. The reduction of tensile strength with increasing ionic strength of the NaCl ionic solution from 10% to 25% is possibly related to the interaction of NaCl ions with the siltstone rock matrix (a corrosive influence described in compressive strength reduction), and such interaction is obviously greater at greater ionic concentrations. According to existing studies [42, 43] , rock minerals such as quartz and kaolinite are highly reactive with NaCl, and the siltstone studied here is abundant with these rock minerals. We can therefore expect a highly reactive environment inside the rock with NaCl saturation. The possible reactions that occur among quartz and kaolinite with NaCl are shown in Equations (2) and (3). According to these equations, these reactions commonly release HCl into the reservoir pore fluid, making the pore fluid more acidic. Such an acidic environment has a strong influence on breaking the grain-to-grain bonds in the rock, reducing its tensile strength and its compressive strength. However, one might be curious to know why the NaCl crystallization effect does not affect the tensile strength of siltstone. This is because of the difference between the load application in tensile and compressive loading. In compression, the load is applied on the bulk material, and under such conditions the reduced pore space filled with NaCl crystals offers more barriers to failing the specimen under compression as the NaCl crystals also bear some compressive loading. However, in tensile load application, the rock matrix is fractured by the load, and in such situations the existence of weak NaCl crystals in rock pore space does not help, as the whole rock is fracturing through its strongest section or rock matrix. Overall, only the grain corrosion effect created by the ions of the saturation fluid affects the tensile strength of siltstone. This is quite important for the hydro-fracturing process, as in this process fracture propagation mainly occurs through tensile failure. Therefore, tensile strength is the governing factor for the fracking process. According to the findings of this study, the hydro-fracturing process is only influenced by this grain corrosion effect created by the ions of the saturation fluid. Therefore, a higher ionic concentration creates a more favorable environment for the fracturing process.
The failure patterns of the varyingly saturated siltstone specimens under indirect tensile loading were obtained by ARAMIS photogrammetry and the results are shown in Figure 9 . Interestingly, all the siltstone specimens under all saturation conditions appear to have undergone splitting failure with greater strain concentrations at the contact points, in accordance with the ASTM standard. According to the strain contours, maximum and minimum strain values at failure are around 0.20 and −0.075, respectively, which appear to only slightly vary with NaCl concentration or DOS levels. Moreover, in dry specimens and 10% NaCl-saturated specimens, failure occurred suddenly and the entire specimen split into two parts (the width of the failure fracture is large) during the load application. In contrast, in 20% and 25% NaCl-saturated specimens, failure occurred with much slower fracture propagation. Pore size Diameter (nm) Figure 9 . ARAMIS strain distribution (−0.075%-0.2%) and failure pattern in STS specimens for 10%, 20% and 25% NaCl concentrations for 25%, 50%, 75%, and 100% degree of saturation (DOS).
Effect of Fluid Saturation on Brittle Characteristics of Siltstone
The stress-strain behavior of varyingly saturated siltstone specimens obtained from the UCS tests was then used to identify the influence of various saturations on their brittle characteristics. This is because, as explained in the introduction, brittle rocks more likely to have more favorable responses to the fracturing process than ductile rocks. In order to identify the saturation-induced brittle characteristic alterations in siltstone, the elastic modulus (E) and Poisson's ratio (ν) of each specimen were calculated using the stress-strain curves given in Figure 10 . The average values for three replicates are shown in Table 1 . As the table shows, the standard variation among the E and ν values among the tested triplicated specimens are at about the 5% range and therefore, the average values give a reasonable representation of the siltstone tested. Thee specimens were collected from same block and were therefore expected to have the same micro-structure and mineral composition and therefore the same mechanical properties, as shown in Table 1 . According to Figure 11a , the elastic moduli of dry and saturated specimens vary between 19.33 and 9.55 GPa, the dry specimens commonly have the highest elastic modulus (E) (around 16 GPa), and saturation generally causes the reduction of the E values of the siltstone. If the effect of NaCl DOS on the rock specimen E values is considered, elastic modulus seems to generally decrease with According to Figure 11a , the elastic moduli of dry and saturated specimens vary between 19.33 and 9.55 GPa, the dry specimens commonly have the highest elastic modulus (E) (around 16 GPa), and saturation generally causes the reduction of the E values of the siltstone. If the effect of NaCl DOS on the rock specimen E values is considered, elastic modulus seems to generally decrease with increasing degree of saturation. This is consistent with the E reduction behavior with brine saturation observed by Nasvi, Ranjith [30] for sandstone and geo-polymer. The reduction of elastic modulus represents the enhancement of ductile properties in the siltstone with NaCl saturation, regardless of saturation condition. This proves that increasing NaCl ionic concentration causes the siltstone's brittle properties to be reduced. The interaction of strong NaCl ions with the siltstone rock matrix possibly changes its polymer structure. However, this is not favorable for the hydro-fracturing process, as ductile rocks need more energy for fracturing compared to brittle rocks. According to Dyke and Dobereiner [44] , the polymer structure of the siltstone rock matrix can be changed by the exchange of strong Si-O-Si-bonds with weaker hydrogen bonds which eventually breaks the strong inter-granular atomic bonds, resulting in enhanced ductile properties. If the hydro-fracturing process is considered, additional costs and a greater injection pressure are required to create fractures in the reservoir rock with enhanced ductile properties, which is certainly not a favorable condition.
Interestingly, as can be clearly seen in Figure 11a , when the NaCl concentration is 25%, there is a quite high E value (19. 33 GPa) in the tested siltstone for the 100% saturated condition, which is even higher than the E value for the dry condition (16 GPa) . This high E value for this particular saturation condition can be observed in all the triplicated specimens (Table 1) . Therefore, this result is reliable although unexpected. It is possible that, at high salinity concentrations, the occurrence of NaCl crystals in the pore structure is much harder than at low saturation conditions. Therefore, the generally expected brittle characteristic affects the failure behavior of the siltstone. This is confirmed by the fact that this is seen only at 100% degree of saturation, at which all the pores are fully filled with NaCl and there is therefore a higher probability for applied load to be transferred through the NaCl crystals.
In relation to the effect of NaCl ionic solution saturation on siltstone's Poisson's ratio, according to Figure 11b , the Poisson's ratios of varyingly saturated siltstone specimens (including dry) are in the 0.22 to 0.37 range. However, a closer look on Figure 11b shows that there is no such direct influence of NaCl saturation on the tested siltstone, and the variation of the Poisson's ratio with NaCl concentration and DOS appears to be random. However, more tests need to be performed before coming to a final conclusion.
increasing degree of saturation. This is consistent with the E reduction behavior with brine saturation observed by Nasvi, Ranjith [30] for sandstone and geo-polymer. The reduction of elastic modulus represents the enhancement of ductile properties in the siltstone with NaCl saturation, regardless of saturation condition. This proves that increasing NaCl ionic concentration causes the siltstone's brittle properties to be reduced. The interaction of strong NaCl ions with the siltstone rock matrix possibly changes its polymer structure. However, this is not favorable for the hydrofracturing process, as ductile rocks need more energy for fracturing compared to brittle rocks. According to Dyke and Dobereiner [44] , the polymer structure of the siltstone rock matrix can be changed by the exchange of strong Si-O-Si-bonds with weaker hydrogen bonds which eventually breaks the strong inter-granular atomic bonds, resulting in enhanced ductile properties. If the hydro-fracturing process is considered, additional costs and a greater injection pressure are required to create fractures in the reservoir rock with enhanced ductile properties, which is certainly not a favorable condition.
(a) 
Effect of Fluid Saturation on Fracture Propagation in Siltstone
The fracture propagation in the reservoir rock is highly important in the hydro-fracturing process, and may be affected by the properties of the pore fluid and the saturation conditions. Therefore, this was considered in the next stage of the study, based on comprehensive acoustic emission (AE) analysis. AE capture and analysis is one of the most effective methods to understand crack propagation behavior in rocks, having the ability to effectively exhibit the major fracture propagation steps under load application: crack initiation, crack propagation and final failure [45] [46] [47] [48] [49] . Among the initial step belongs to initiation of AE release upon load application, where in the beginning of load application there is no any crack in the rock or rock at crack closure state and continuous load application causes to initiate cracks at one stage and this is called crack initiation. Further load application on the rock beyond this point causes the created cracks to propagate through the rock with continuously increasing AE energy release. This is called crack propagation. In this region a gradual AE release can be seen and this is called stable crack propagation. This is followed by more rapid or exponential energy release, called unstable crack propagation. Further increasing of load beyond unstable crack propagation causes the rock to fail [35, 49, 50] .
In the present study, AE technology was utilized to identify the effect of NaCl saturation on crack formation behavior in siltstone specimens. The results of measured cumulative AE energy with axial stress for varyingly saturated specimens, including dry specimens, are shown in Figure  12 . The failure occurring stress threshold values for each DOS under the considered three brine concentration levels are shown in Table 3 . According to Figure 12 and Table 3 , dry specimen is at crack closure stress condition up to 5.3 MPa axial stress, where is crack closer period will be reduced up 4.3 MPa and 3.4 MPa at the presence of 10% and 20% brine in the pore fluid and is increased up to around 6.7 MPa at the presence of 25% concentration brine in the pore fluid at fully saturated (100% DOS) condition. Upon crack initiation, the released AE energy increases almost linearly up to around 23.8 MPa, 17.6 MPa, 17.2 MPa, and 20.5 MPa in dry, 10%, 20%, and 25% brinesaturated specimens, respectively under fully saturated conditions (100% DOS). However, this energy release trend in 25 % brine-saturated specimens is quite different from the other specimens (dry, 10%, 20% brine saturated specimens), where when the specimen is saturated with high concentrations of NaCl (25% here), two fracture propagation periods can be seen. This is probably 
In the present study, AE technology was utilized to identify the effect of NaCl saturation on crack formation behavior in siltstone specimens. The results of measured cumulative AE energy with axial stress for varyingly saturated specimens, including dry specimens, are shown in Figure 12 . The failure occurring stress threshold values for each DOS under the considered three brine concentration levels are shown in Table 3 . According to Figure 12 and Table 3 , dry specimen is at crack closure stress condition up to 5.3 MPa axial stress, where is crack closer period will be reduced up 4.3 MPa and 3.4 MPa at the presence of 10% and 20% brine in the pore fluid and is increased up to around 6.7 MPa at the presence of 25% concentration brine in the pore fluid at fully saturated (100% DOS) condition. Upon crack initiation, the released AE energy increases almost linearly up to around 23.8 MPa, 17.6 MPa, 17.2 MPa, and 20.5 MPa in dry, 10%, 20%, and 25% brine-saturated specimens, respectively under fully saturated conditions (100% DOS). However, this energy release trend in 25 % brine-saturated specimens is quite different from the other specimens (dry, 10%, 20% brine saturated specimens), where when the specimen is saturated with high concentrations of NaCl (25% here), two fracture propagation periods can be seen. This is probably due to the previously-mentioned hard NaCl crystallization effect, where the fracture propagation occurred in these pores filled with this strong NaCl crystals may be exhibited through this secondary fracture propagation and specimen would fail only after completion of the both fracture propagation. This shows the importance of the NaCl ionic concentration for fracture propagation behavior in reservoir rock.
due to the previously-mentioned hard NaCl crystallization effect, where the fracture propagation occurred in these pores filled with this strong NaCl crystals may be exhibited through this secondary fracture propagation and specimen would fail only after completion of the both fracture propagation. This shows the importance of the NaCl ionic concentration for fracture propagation behavior in reservoir rock. According to Figure 12 , the NaCl concentration of the brine solution of the rock specimens has a clear effect on the energy released from the acoustic system. Increasing the NaCl concentration causes a greater degree of AE energy release, which is to be expected, as the electron conductivity of brine increases with increasing numbers of NaCl ions or NaCl concentration, as this affects the transferability of the acoustic energy released from the rock to the sensors through the pore fluid [29] . However, this is also affected by the NaCl crystallization effect, where the greater the NaCl concentration, the greater the ability to create NaCl crystals in the rock pore space. The application of load on the rock not only breaks the rock matrix, it also causes the NaCl crystals to break, causing a higher number of AE counts. σcc -Stress at crack closure; σci -Stress at crack initiation; σcd -Stress at crack damage; σucs -Stress at crack final failure. According to Figure 12 , the NaCl concentration of the brine solution of the rock specimens has a clear effect on the energy released from the acoustic system. Increasing the NaCl concentration causes a greater degree of AE energy release, which is to be expected, as the electron conductivity of brine increases with increasing numbers of NaCl ions or NaCl concentration, as this affects the transferability of the acoustic energy released from the rock to the sensors through the pore fluid [29] . However, this is also affected by the NaCl crystallization effect, where the greater the NaCl concentration, the greater the ability to create NaCl crystals in the rock pore space. The application of load on the rock not only breaks the rock matrix, it also causes the NaCl crystals to break, causing a higher number of AE counts.
The influence of brine saturation on fracture formation behavior in reservoir rock is clear and therefore needs to be considered in the hydro-fracturing process. 
